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a  b  s  t  r  a  c  t
Hard  X-ray  photoelectron  spectra  have  been  recorded  for  Sn, SnO2, SnO  and  SnS.  The binding  energies  of
the  core  levels  of elemental  Sn  from  2s up to,  and  including,  4d  have  been  determined  with  least  squares
ﬁtting  and  calibrated  against  an  Au  4f standard.  For  the  oxides  and  the  sulphide  data  on Sn 3p,  3d  core
levels’  binding  energies  and  relative  intensities  are  presented  together  with the  binding  energies  of O  1s,
S  1s and  2p. This  study  thus  serves  as a  picture  of  tin’s  core  level  spectra  compared  to those  of some  ofeywords:
ard X-ray photoelectron spectroscopy
n
AXPES
nO
its  oxides  and  a sulphide  taken  at  photon  energies  beyond  Al K  and  Mg  K.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).nO2
nS
. Introduction
Sn oxides and sulphides are promising materials for inorganic
olar cells and therefore have gained a lot of interest [1,2]. Fluorine-
oped tin oxide (FTO) and indium-doped tin oxide (ITO) are also
ommonly used as conductive substrate for thin ﬁlm solar cells, as
hey are transparent semi-conductor ﬁlms. This paper provides X-
ay photoelectron characterization of elemental tin, tin mono- and
i-oxides and tin sulphide to serve as a basis for applied studies.
Elemental tin, tin sulphide (herzenbergite) SnS and two of its
xides: Sn(II) oxide (stannous oxide) SnO and Sn(IV) oxide (stan-
ic oxide) SnO2 are the main subjects of this study. The core level
inding energies for elemental tin have been measured from 2s to
d. The binding energies of the 3d and 3p3/2 core levels have been
etermined for all compounds, as well as their chemical shifts with
espect to elemental tin.
By hard X-ray photoelectron spectroscopy (HAXPES) we  mean
hard” in the sense that photon energies above that of Al K
1487 eV) is utilized – the agreed upon deﬁnition of HAXPES is
hat the photon energy should be above 2 keV.1 Photoelectron spec-
roscopy is usually considered to be a non-destructive and surface
ensitive technique where the electronic structure of a compound
∗ Corresponding author. Tel.: +46 709397642.
E-mail addresses: andreas.lindblad@kemi.uu.se, anli7609@gmail.com
A. Lindblad).
1 i.e. where crystal monochromators are needed for monochromatization of the
-rays. This was  chosen as the deﬁnition of the “HAXPES” region at the Workshop
f Hard X-ray Spectroscopy 2005.
ttp://dx.doi.org/10.1016/j.elspec.2014.07.012
368-2048/© 2014 The Authors. Published by Elsevier B.V. This is an open access article uncan be investigated via the binding energies (εb) of the electronic
states; the kinetic energy of the electrons (εkin) is recorded for a
ﬁxed, known, photon energy ω, related by energy conservation,
i.e. the photoelectric effect [3]: ω + εb = εkin + , where  is the work
function of the system [4]. Electron binding energies of core elec-
tron levels are sensitive to the chemical surrounding of the atomic
species which forms the basis for the utilization of the technique for
chemical analysis [5], in fact the chemical shift was ﬁrst observed
in sulphur containing compounds [6].
The surface sensitivity arise from the fact that the electron mean
free path in solids is small (in the order of A˚ngströms below 1 keV)
compared to that of X-rays (in the order of micrometers for Al K).
For higher photon energies the electron mean free path () becomes
longer, for instance the calculated value for tin grows from 8 to
46 A˚ between 200 and 2400 eV electron kinetic energy – calculated
with the TPP-2M equation [7,8]. The access to longer mean free
paths enables the study of compounds without surface preparation,
for instance, Ar ion sputtering which may  give ambiguities in the
stoichiometry of the sample intended to be studied [9–11].
This paper is divided as follows: the experimental details are
followed by the determination of the core level binding energies
for elemental Sn. The 3d and 3p core levels of Sn, SnS, SnO and SnO2
are discussed together with O 1s, S 1s and S 2p where appropriate.
2. Experimental detailsThe core level photoelectron spectra were recorded using hard
X-rays at the BESSY II synchrotron at Helmholtz-Zentrum Berlin.
The beamline KMC-1 [12] is a dipole bending magnet beamline
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Table 1
Suppliers and purities of the considered compounds.
Compound Purity Supplier
1. Sn 99.9985% Alfa Aesar
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Table 2
Binding energies for the N = 4 core levels of Sn. Taken at ω = 3000 eV.
Core line Eb/[eV]
Sn 4s 137.51
F
o
f2.  SnO2 99.9% Alfa Aesar
3.  SnO 99.99% Aldrich
4.  SnS 99.99% Aldrich
quipped with a double crystal monochromator (DCM). The HIKE
nd station for hard X-ray photoelectron spectroscopy (HAXPES)
tilize a VG Scienta R4000 hemispherical electron energy analyzer
apable of analyzing electron kinetic energies up to 10 keV [13,14].
he pressure in the analyzer chamber was around 1 × 10−9 mbar
ange throughout the experiments.
The photon energy for the HAXPES measurements was  set to
000 eV provided by the Si(111) DCM. Elemental tin was also
easured at 2005 and 6015 eV (the latter being the third order
iffraction provided by the DCM set to 2005 eV photon energy).
he recorded data were calibrated with a gold standard and the
u 4f7/2 binding energy taken to be 84.00 eV [15]. All spectra were
ecorded in the transmission mode of the analyzer. Lorentzian life-
ime widths of the free atom Au 4f levels were taken from Patanen
nd co-workers [16]. Photoelectron recoil effects, that could cause
n additional shift to the core level binding energies, are neglected
ere owing to the comparatively large mass of the Sn atom com-
ared to e.g. carbon [17].
The samples, with purities given in Table 1 were obtained com-
ercially as powders, except the pure Sn which was delivered as
 thin (0.05 mm)  foil. Powders were ﬁne ground and deposited
n carbon tape before introduced into vacuum. Elemental tin was
ikewise mounted on carbon tape. For Sn and SnS we used Ar+
puttering to remove most of the surface oxide (1 kV energy, for
0 min). The purities of the samples were cross-checked with
-ray diffraction, see supplementary information for those diffrac-
ograms.
The binding energies have been obtained from a least squares
t to the data using Voigt functions. For elemental Sn Doniach-
ˇunjic´’s lineshape were used [18]. A constant background and a
hirley-type background were used in all ﬁts of the data [19]. The
PANCF package (written by E. Kukk) was used to carry out the least
quares curve ﬁtting.
A Monte Carlo estimate was used to get the errors in areas and
eak positions of the Sn 3p and 3d spectra at each photon energy
ig. 1. Survey spectra recorded at 2005 and 3000 eV photon energies. The 2p region (inse
f  the 2005 eV fundamental of the DCM. The 2p spectral features overlaps with the N = 4
eatures,  accompanying each core level photoelectron line are indicated for the 3p level.Sn 4d5/2 23.89
Sn 4d3/2 24.97
used. Compared to an “ideal” ﬁt where all parameters were set free,
the errors in the area estimation were smaller than one half of a
percent; the error in the binding energy was  smaller than 2 meV.
The errors quoted are the maximum ones encountered. The uncer-
tainty in the areas in Table 3 below are ±0.5% for the 3s and 3p
core level spectra, for the 3d spectra it is smaller than that, approx-
imately ±0.1%. The spectra were recorded over a wide energy range.
To make the intensities comparable the transmission of the spec-
trometer at their respective kinetic energies have been taken into
account [20].
3. Results and discussion
3.1. Elemental tin
In Fig. 1 survey spectra taken at 2005 and 3000 eV photon
energies of sputtered tin foil are presented. Each core level has
accompanying features at regular intervals arising from the cre-
ations of plasmons, i.e. collective excitations of the electron system
of the metal upon photoionization. The plasmonic features of the
3p line is analyzed in detail elsewhere [21].
3.1.1. Core levels: 4s, 4p, 4d
The binding energies for these core levels are presented in
Table 2. The spin-orbit split between the 4d multiplet is 1.08 eV
which is similar to that found in solid tin [22,23], and clusters [24].
Padova and co-workers reports the binding energies for 4d5/2 and
4d3/2 as 24.0 and 25.1 eV, respectively [23].
The 4p core level of Sn have a very short lifetime with unresolved
spin-orbit components making it hard to deﬁne a binding energy for
that level. This behavior is known for spectra of elements of Z ≥ 48
[25], for a discussion about Xe 4p see e.g.. Gelius [26]. Furthermore
the effect have been shown to be most pronounced for Z = 50, i.e.
Sn, and it is a consequence of the collective resonance 4d2 → df, as
described in Ref. [27]. However, if a Gaussian is ﬁtted to the slope
t) have been recorded with 6015 eV photon energy, the third order diffracted light
 features from the excited by the ﬁrst order diffracted X-rays. The plasmonic loss
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Table  3
Binding energies (Eb) and relative intensities (Irel) for the N = 3 core levels obtained
from least squares ﬁts.
Core line Eb/[eV] Irel 2 keVa Irel 3 keVa
Sn 3s 885.35 29% 44%
Sn 3p3/2 714.66 71% 127%
Sn 3p1/2 756.64 34% 62%
Sn 3d5/2 484.89 100% 100%
Sn 3d3/2 493.30 68% 69%
a Percentage of the 3d5/2 line’s area. The plasmon intensity is not included.
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Fig. 3. The Sn 3d core levels for all compounds. The Sn reference spectrum at the bot-ig. 2. Spectra around the Sn 3p3/2 region, vertical lines indicate the position of the
orresponding main line.
etween 80 and 90 eV binding energy, its center ends up at about
7.1 eV. At 137.51 eV binding energy we ﬁnd the 4s core level, which
s close to literature values [25].
.1.2. Core levels: 3s, 3p, 3d
The N = 3 core level binding energies and their relative inten-
ities are presented in Table 3. The Sn 3p3/2 (binding energy
14.66 eV) and Sn 3p1/2 (756.64 eV) were recorded at 2005 and
000 eV photon energies, as depicted in Fig. 2.
The mean free path of the photoelectrons, calculated with the
PP2M equation, varies about 7 A˚ between the binding energies of
he 3s and 3d lines. The quoted relative intensities in the spectra
aken for the 2005 and 3000 eV cases are thus, within those groups,
ominated by the cross section changes. Between the two photon
nergies the mean free path of the 3d electrons change from 32 to
7 A˚.
The relative intensity between the 3d and 3p lines is 1.31 and
.72, when using the cross section tables of Yeh and Lindau [28] for
487 and 8048 eV photon energies. Our value (taken as the sum of
he areas for the multiplets) at 2005 eV is 1.6; the cross section for
he p-orbital changes more slowly with photon energy than that of
he d-orbital [29].
.1.3. The 2s and 2p core levels
The binding energies of the N = 2 core levels are given in Table 4.he 2s binding energy was deduced from the survey spectrum taken
t ω = 2005 eV (Fig. 1). The binding energy of the Sn 2s line is in
greement with the literature value of 4464.7 ± 0.3 eV [30]. The
orentzian life-time width is 2515 meV.
able 4
inding energies for the N = 2 core levels of Sn. Taken at ω = 6015 eV.
Core line Eb/[eV]
Sn 2s 4464.79
Sn 2p3/2 3928.93
Sn 2p1/2 4156.15tom is included for clarity and discussed above. (For interpretation of the references
to  color in the text, the reader is referred to the web version of this article.)
The binding energy range containing the Sn 2p3/2 and 2p1/2 core
levels were recorded with the third order diffraction of the Si(111)
DCM, therefore the 2p1/2 overlaps with the valence, 4d, 4p and 4s
lines excited by the ﬁrst order of diffraction (2005 eV). We  obtain
the binding energies 3928.93 and 4156.15 eV for the 2p3/2 and 2p1/2
binding energies respectively, with a Lorentzian life time width
as 2428 meV  used for both 2p features. Our binding energy ﬁnd-
ings for Sn 2p compare well to literature values of 3928.8 ± 0.3 and
4156.1 ± 0.3 eV [30].
3.2. SnO, SnO2 and SnS
The 3d core level photoelectron spectra and the ﬁrst energy loss
feature are presented in Fig. 3 together with the results from the
least squares ﬁts to the data. The decomposition of the spectra are
least complicated for the instances of Sn (densely dotted) and SnO2
(solid, pink), whereas for SnO (checkered) and SnS (solid, gray) a
more intricate ﬁt was  needed.
In all spectra, exempting that of Sn, SnO2 are present. Additional
peaks (unshaded thin lines) at higher binding energies in the spec-
tra of SnO and SnO2 are assigned to areas of the sample where
the powder was  in poor contact with the carbon tape – during the
acquisition this part of the spectrum did not change in intensity or
position.
The 3d5/2 feature was monitored before and after the sputter-
ing of the SnS powder, on the high binding energy side, features
stemming from oxidized features were signiﬁcantly lowered and a
small shoulder on the low binding energy side arose which we can
assign to elemental Sn – similar growth of a metallic feature upon
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Table 5
Binding energies of the Sn 3d and 3p core levels for the considered compounds. The
spin orbit split between the photoemission lines were 8.4 eV for the 3d levels and
41.9 eV for 3p in all the compounds considered above. The values for elemental tin
are  discussed above. Taken at ω = 3000 eV.
Sn 3d5/2 Sn 3d3/2 Sn 3p3/2
Sn 484.9 493.3 714.7
SnS 485.6 494.0 715.1
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Table 6
Relative intensities percent for the 3d and 3p core levels of the oxide and sulphide
compounds. The area of the 5/2 d-component is set to 100%. Taken at ω = 3000 eV.
Core level SnO2 SnO SnS
3d5/2 100 100 100
3d3/2 70 70 74
3p3/2 110 118 130
3p1/2 55 70 54
F
aSnO 486.5 494.8 716.0
SnO2 487.2 495.6 716.8
puttering have been observed, e.g. for WS2 [11]. The majority of
he intensity was unchanged which we assign to SnS.
Loss features (dotted) are present in all spectra with varying
egrees of intensity. The shift being almost 20 eV for the dioxide
from the 3d5/2 feature) to 14 eV for the Sn. The shift of the SnS
lasmonic loss feature observed ﬁts well with previous observa-
ions, i.e. the intensity peaking around 502 eV binding energy, as
ell as the discernible rise of the intensity peaked around 510 eV
the latter is not included in the ﬁt) [31]. In the case of SnO the
otted area correspond to loss features (at 14.1 eV above each
ain line) as recorded in Ref. [32].
For the Sn 3d5/2 feature we obtain a chemical shift between
n and SnO of 1.5 eV whereas we get 0.7 eV from Sn and SnS, the
maller chemical shift for the sulphur compound is expected from
he lower electronegativity of S compared to O (Table 5).
For the monosulphide of tin our obtained binding energies for
he 3d and 3p features agree well with those found in the literature,
.e. the value of 485.6 eV compares favorably with 486.0 eV obtained
y Cruz and coworkers with Mg  K, ω = 1254 eV [31]; the 485.7 eV,
rom Ettema et al., measured with Al K, ω = 1487 eV; a value of
86.5 eV have also been recorded [33]. Our value coincides with the
ne obtained by Huang and coworkers [34] and also by that of Price
t al. [33].
The binding energy of Sn 3p3/2 in SnS has been recorded pre-
iously with the value of 715.2 eV [35,36] which agrees with our
btained value at 715.1 eV. The sulphur 1s and 2p core level spec-
ra are presented in Fig. 4. For the S 2p the binding energies 160.9
nd 162.0 eV were observed. Our shifts can be compared to 161.7 eV
f unresolved spin-orbit components [31] and 161.6 and 162.8 eV
rom Huang et al. [34].
The sulphur 1s core level photoelectron spectrum have a
houlder on the high binding energy side, we thus include two  com-
onents in the least square ﬁt of this spectrum. The binding energy
f the main peak of the S 1s is 2468.9 eV, with an additional peak
hifted +1.13 eV towards higher binding energies is needed (which
ave 10% of the area of the main peak) to obtain a good ﬁt. This
dditional peak we ascribe tentatively to partly oxidized SnS on the
urface. Although the mean free path of the 2p is considerably larger
han that of the 1s – 49 and 14 A˚ respectively, calculated by TPP2M
ig. 4. Core level spectra of sulphur in herzenbergite taken with 3000 eV photon energy.
ssign  to a partly oxidized surface layer (semi-transparent) with components at higher b[7,8] – the area of the extra peak is about the same. Since the sample
was received as a granular powder, i.e. without a ﬂat surface this
suggests that the sample were porous, and with increasing mean
free path one sees more of the porous structure. The Lorentzian
width of the S 1s peak is found to be 652 meV  (of a total width at
FWHM of 1.19 eV) which is similar to that of sulphur on a Ru surface
[37].
The obtained shift between the monoxide and the dioxide is 0.8
for both the Sn 3d and the Sn 3p core levels (Table 5). The relative
intensities for the main lines are given in Table 6. The oxygen core
level we observe at 532.2 eV binding energy for SnO2 and 530.6 eV
for SnO. The areas of the 3p and 3d spin orbit components in Table 6
are similar for the oxides and the sulphide. This can be explained
by the similar penetration depths arising from the calculated mean
free paths of the electrons – the largest difference is 9 A˚  between
the Sn 3d of SnO2 and SnS, all other differences fall between 7 and
9 A˚.
Tanuma et al. ﬁnd, using Al K a binding energy of the Sn 3d5/2
core level of SnO2 at 486.3 and that of SnO 0.73 eV below that [38],
i.e. at a binding energy of 485.57 eV. The energy difference between
the Sn 3d5/2 level and the O 1s they ﬁnd to be 48.77 eV for SnO2 and
48.68 eV for SnO – with O 1s at 535.07 and 534.25 eV respectively.
We ﬁnd the binding energy for the dioxide 0.9 eV above that
found by Tanuma, we also have a 0.6 eV shift to the monoxide 3d5/2
feature. Our oxygen components have different positions and a
slightly smaller split; 0.6 eV compared to Tanuma’s 0.82 eV. The val-
ues we  ﬁnd are more in line with those in Ref. [39] where the same
value for the monoxide shift is obtained and a −0.1 eV difference
between our data and theirs for the dioxide.
In Ref. [9] the energy difference between the monoxide and the
dioxide 3d features is found to be 0.73 eV. The data in that reference
are consistently at lower binding energies for the 3d5/2 −0.9 eV for
SnO2 and −0.8 eV for SnO. In the literature it is possible to ﬁnd a
wide range for the monoxide-dioxide shift, smaller values than the
one stated above have been found: 0.1 eV [40,41] and 0.5 [42]. The
Auger MNN  spectrum for SnS (and Sn) have also been recorded and
is included in the supplementary data. The least square ﬁts to the data contain components from SnS (gray) and what we
inding energies.
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. Summary and conclusion
In summary, binding energies and relative intensities of the core
evels of Sn, SnS, SnO and SnO2 have been measured with HAX-
ES using 3000 eV photon energy. In the case of elemental Sn we
ave recorded the binding energies for all core levels from Sn 2s
o Sn 4d by also utilizing the third order diffraction X-rays of the
ω = 2005 eV fundamental. The binding energies of elemental Sn
re summarized in Tables 2–4. For the compounds the 3d and 3p3/2
inding energies are given in Table 5, the spin-orbit split between
he 3p levels were found to be 41.9 eV in all compounds considered.
The relative intensities of the 3d and 3p core levels for the com-
ounds considered in this paper are given in Table 6. For elemental
in we have also included the relative intensity of the 3s line in
able 3.
The higher photon energy used allows us to record core lev-
ls with a lesser surface sensitivity, i.e. a more bulk like electronic
tructure is reﬂected in the spectra. This is evident especially in the
ase of S 1s and S 2p where, in the case of the former, the spectrum
s to a higher degree impacted by a partly oxidized surface.
This study adds new data on the core level spectra of tin and
ome tin compounds beyond those taken with Al K and Mg  K
which are legion in the literature). The positions and relative inten-
ities of the 3d and 3p lines can be used to measure the amount of
n and its chemical state, moreover Sn 3p overlaps with e.g. Fe 2p
nd the information presented here may  thus be used to elaborate
n the amount of Sn present in an iron compound.
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